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The sequential univalent reduction of oxygen gives rise 
to very reactive intermediate products including super-
oxide anion radical, hydrogen peroxide and free hy-
droxyl radicals. Normally, the tissue concentration of 
these intermediate products of oxygen is severely limited; 
however, if oxygen free radicals are produced in excess 
of the capacity of the tissues to eliminate them, they may 
cause serious damage. The biochemistry and possible 
sources of free radical generation in animal models of 
ischemic/reperfusion injury are reviewed. The ability of 
In recent years there has been much new information con-
cerning the involvement of intermediate products of oxygen 
metabolism in both physiologic and pathologic conditions. 
The sequential univalent reduction of oxygen gives rise to 
very reactive intermediate products such as the superoxide 
anion radical, hydrogen peroxide and the free hydroxyl rad-
ical. The accumulation of these intermediate products of 
oxygen in normal tissues is limited by a family of superoxide 
dismutases, catalases and peroxidases, which serve as an 
intracellular defense mechanism against the overproduction 
of oxygen free radicals. If oxygen free radicals are produced 
in excess of the capacity of the tissue to eliminate them, 
they may cause serious damage. For example, oxygen free 
radicals have been shown to kill bacteria, lyse cells, initiate 
lipid peroxidation of cell membranes and inactivate en-
zymes. The ability of oxygen free radicals to damage a wide 
variety of cellular components has led to the suggestion that 
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scavenge. s of oxygen free radicals to improve mechan-
ical, mitochondrial and sarcoplasmic reticulum function 
in animal models of ischemic/reperfusion injury suggests 
that oxygen free radicals are partly responsible for myo-
cardial injury in these models. Future research should 
be directed at establishing the relevance of oxygen rad-
ical-mediated myocardial injury in the experimental set-
ting to analogous clinical situations. 
(J Am Coil CardioI1985;6:215-20) 
they may be important mediators of damage in many patho-
logic states involving inflammation and ischemia (Fig. 1). 
This report discusses oxygen free radicals and their role 
in models of myocardial ischemialreperfusion injury and 
suggests new areas of investigation into the pharmacologic 
therapy of myocardial injury based on emerging concepts 
of oxygen free radical injury. For more detailed and com-
prehensive information the reader is referred to recent re-
views (1-5). 
The Oxygen Free Radical System 
A free radical is any chemical species that has one or 
more unpaired electrons. Although molecular oxygen is widely 
available to aerobic organisms, it is relatively nonreactive. 
This article is part of a series of informal teaching re-
views devoted to subjects in basic cardiology that are of 
particular interest because of their high potential for clinical 
application. The series is edited by Arnold M. Katz, MD, 
FACC, a leading proponent of the view that basic science 
can be presented in a clear and stimulating fashion. The 
intent of the series is to help the clinician keep abreast of 
important advances in our understanding of the basic mech-
anisms underlying normal and abnormal cardiac function. 
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Figure 1. The proposed cellular and subcellular 
effects of the oxygen free radical system as a result 
of ischemia or reperfusion, These entities result in 
the univalent reduction of molecular oxygen to the 
superoxide anion ('On, The superoxide anion can 
then be dismutated to hydrogen peroxide by the 
superoxide dismutase enzymes (SOD, MnSOD and 
CuZnSOD) and then either by a Fenton reaction 
(Rxn) or a Haber-Weiss reaction produce the hy-
droxyl radical, which is a potent oxidizing species, 
The hydroxyl radical in turn can produce protein 
free radicals, DNA free radicals and lipid free 
radicals, DNA free radicals ~ ~ conjugated dienes 
pyrimidine dimers ~ 
~, membrane dysfunction 
mutagenesIs 
This lack of reactivity has been attributed to its unusual 
structure which includes two unpaired electrons with parallel 
electron spins, Most organic compounds that might react 
with oxygen contain paired electrons; however, the simul-
taneous insertion of two paired electrons into a molecule of 
oxygen would violate the rules of quantum mechanics, As 
a result of this restriction, incoming electrons enter the or-
bitals one at a time, resulting in the formation of reduced 
oxygen intermediates (oxygen free radicals), 
The reduction of oxygen to water in living tissues can 
proceed by two pathways, The mitochondrial enzyme cy-
tochrome oxidase, which ordinarily accounts for 95% of the 
oxygen consumption of tissues, reduces oxygen to water by 
tetravalent reduction without producing any intermediates 
(6), The remaining 5% of oxygen reduction proceeds by a 
univalent pathway in which several oxygen radical species 
are produced: 
where e - = electron, O2 = oxygen, ·Oi = superoxide 
anion, H20 = water, H20 2 = hydrogen peroxide and ·OH 
= hydroxyl radicaL 
Superoxide anion. The superoxide anion (.Oi) is formed 
with the acceptance of the first electron, This free radical 
may act as a reducing or an oxidizing agent. In an aqueous 
milieu, superoxide radicals act almost exclusively as re-
ducing agents but in a hydrophobic environment such as 
cell membranes they may act as oxidizing agents, Intracel-
lular levels of the superoxide anion are reduced through 
dis mutation of superoxide radicals, which can proceed spon-
taneously or can be catalyzed by superoxide dismutase, 
Superoxide dismutase is a ubiquitous mammalian enzyme 
that can increase the rate of intracellular dis mutation by a 
factor of 1010 (4), 
Hydrogen peroxide. Dismutation of superoxide anion 
(·Oi) produces another reactive oxygen compound, hydro-
gen peroxide (H20 2) (equation 2). At high concentrations 
H20 2 may be toxic, but the intracellular concentrations are 
lower than those that lead directly to toxicity. Catalase and 
glutathione peroxidase both catalyze reactions that reduce 
intracellular levels of hydrogen peroxide (equations 3 and 
4). Thus, the normal intracellular concentrations of super-
oxide dismutase (SOD), catalase and glutathione peroxidase 
serve as a biologic defense against the accumulation of 
reduced oxygen intermediates. 
Catalase 
2H20 2 ' 2H20 + O2 [3] 
and 
Reduced glutathione 
Glutathione 
peroxidase . . . + H20 2 --'----, OXIdIzed glutathIOne + 2H20. [4] 
Production of hydroxyl radicals. The major danger of 
superoxide anion and hydrogen peroxide accumulation is 
the potential for production of hydroxyl radicals (.OH). 
Equations 5A through 5C describe the Haber-Weiss reaction 
in which reduction and oxidation of a trace metal in the 
presence of superoxide anion and hydrogen peroxide give 
rise to the hydroxyl radicaL 
Fe2 + + H20 2 ~ Fe3+ + '()H + H+ [SA] 
Fe3 + + .()i ~ Fe2 + + O2 [58] 
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H202 + .oi ~ ·OH + OH-, [5C] 
where Fe2+ == ferrons iron, FeH == ferric iron; H+ == 
hydrogen ion and OH - == hydroxyl anion. 
The hydroxyl radical reacts at very high rates with almost 
every type of molecule in living cells including sugars, 
amino acids, phospholipids and deoxyribonucleic acid (DNA) 
bases. Thus, the reactivity of hydroxyl radicals is so great 
that if they are formed in living systems, they will react 
immediately with whatever biologic molecule is in their 
vicinity. Fortunately, large concentrations of hydroxyl rad-
icals are not generated under normal physiologic conditions. 
It should be noted that, in contrast to superoxide radicals 
and hydrogen peroxide, there are no enzyme systems that 
can scavenge excessive quantities of hydroxyl radicals. Thus, 
if in pathologic conditions hydroxyl radicals are generated, 
tissue destruction may be extensive. Therapeutic use of this 
concept is utilized in radiation therapy, which induces hy-
droxyl radical formation and destroys tumor tissue. 
Oxygen Free Radicals as Mediators of 
Pathophysiologic Processes 
Mechanism of toxicity. The precise mechanism of free 
radical-mediated cellular toxicity is uncertain. As previously 
noted, hydroxyl radicals are potent oxidizing agents that can 
damage a wide variety of organic molecules. It has been 
suggested that lipid peroxidation of cell membranes is a 
mechanism of free radical toxicity. Support for this concept 
comes from studies that demonstrate the ability of free rad-
icals to initiate lipid peroxidation of cell membranes. In 
vitro studies (7) have shown abnormal membrane structure, 
function and cell death after exposure to oxygen free rad-
icals. In vivo studies suggest that two important pathophy-
siologic processes, central nervous system injury and the 
acute inflammatory reaction, involve the generation of free 
radicals with subsequent tissue destruction. 
Central nervous system injury: endothelial vascular 
lesions. Demopoulos et al. (8) reviewed a growing body 
of evidence that free radical production is an important 
mediator of central nervous system damage. Animal models 
of central nervous system ischemia, head trauma and acute 
hypertension have all demonstrated distinct endothelial vas-
cular lesions. These lesions are reduced in number or pre-
vented by prior treatment with the free radical scavengers, 
superoxide dismutase and catalase, which suggests that free 
radicals are partly responsible for the endothelial lesions 
seen in ischemic, traumatic or hypertensive injury. The source 
of oxygen free radical production in central nervous system 
injury has been explored by Kontos et al. (9), who found 
that application of arachidonate to the brain resulted in vas-
cular endothelial lesions that were similar to those seen in 
ischemic, traumatic or hypertensive injuries. As these le-
sions were reduced in number or inhibited when superoxide 
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dismutase, catalase or the cyclooxygenase inhibitor, in-
domethacin, were added simultaneously, these investigators 
concluded that the vascular lesions were mediated by free 
radicals. In addition, they suggested that the metabolism of 
arachidonate gave rise to oxygen free radicals because injury 
was prevented by the cyclooxygenase inhibitor, indomethacin. 
Acute inflammatory response. The role of oxygen free 
radicals in the acute inflammatory response has been in-
vestigated (10) in laboratory models of inflammation in-
cluding the reverse passive Arthus reaction, carrageenan-
induced foot edema and passive immune-complex glomer-
ulonephritis. Free radical scavengers were protective in all 
three models of inflammation. The source of the free radicals 
was revealed by the studies of Babior et al. (11), who found 
that neutrophils generate superoxide anion and hydrogen 
peroxide during phagocytosis. The physiologic importance 
of this free radical system was shown by Cumette et al. 
(12), who demonstrated that the oxygen-free radical system 
is a mechanism of neutrophil-mediated bactericidal activity. 
These observations are important because they demonstrate 
that neutrophils are capable of generating free radical species 
in the extracellular space and that these radicals are capable 
of crossing cell membrane barriers to exert a cytotoxic effect. 
Myocardial injury. The potential role of the oxygen 
free radical system in the pathogenesis of myocardial injury 
has been the subject of many recent investigations. The 
following discussion provides an overview of the evidence 
supporting a role for toxic oxygen intermediates in the path-
ogenesis of experimental ischemialreperfusion injury. 
Ischemia/Reperfusion Injury 
If oxygen radicals are important mediators of myocardial 
ischemialreperfusion injury, there are several fundamental 
questions that must be addressed. First, what are the po-
tential sources of oxygen radicals and what evidence is there 
Figure 2. The proposed role of reduced oxygen intennediates 
during the course of acute myocardial ischemia. This spectrum of 
myocardial ischemia includes primary ischemia (no flow) or re-
perfusion (reintroduction of molecular oxygen to a previously isch-
emic bed). CoQ = coenzyme Q; H20 2 = hydrogen peroxide; 
'02- = the superoxide anion; 'OH = the hydroxyl radical; SOD 
= superoxide dismutase; XO = xanthine oxidase. 
I. ISCHEMIA: intracellular-submitochondrial particles 
, pH 
t reducing equivalents 0 '02-
t xanthine-XO 
t CoQ autooxidation 
II. REPERFUSION: extracellular to intracellular - O2 
, pH 
t reducing equivalents 0 ·0; - H2 0 2 -·OH 
t xanthine-XO 
'SOD 
t Ca2+ 
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that they are produced in ischemic/reperfusion injury? In 
addition, what are the critical intracellular targets that lead 
to irreversible myocardial injury and how might this process 
be interrupted? 
Sources of oxygen radicals in ischemic myocar-
dium. Acute myocardial ischemia produces a rapid de-
crease in developed tension followed by a subsequent in-
crease in resting tension. If the ischemia is of brief duration, 
reoxygenation results in complete recovery of function. 
However, with prolonged ischemia the development of ac-
tive tension ceases, intracellular levels of adenosine tri-
phosphate (A TP) are depleted and intracellular calcium 
overload occurs (13). In the setting of acute myocardial 
ischemia, there are several potential sources of increased 
oxygen radical production (Fig. 2). For example, dissocia-
tion of the intramitochondrial electron transport system re-
sults in release of ubisemiquinone, flavoprotein and super-
oxide radicals. In addition, activation of phospholipase by 
calcium influx may enhance arachidonic acid metabolism. 
Recent work (9) has demonstrated significant oxygen free 
radical production during the metabolism of intermediates 
in the arachidonic acid pathway. Finally, experimental evi-
dence suggests that an in vivo oxygen radical generating 
system may form in the acutely ischemic myocardium. Jen-
nings and Reimer (14) characterized the breakdown of A TP 
during the course of myocardial ischemia and identified an 
increase in xanthine concentrations. Although xanthine de-
hydrogenase is the active enzyme in normal myocardium, 
Chambers et al. (15) documented the conversion of xanthine 
dehydrogenase to xanthine oxidase during the course of 
canine myocardial ischemia. Xanthine-xanthine oxidase is 
a well characterized enzyme system which produces the 
superoxide radical and hydrogen peroxide. Thus, the acutely 
ischemic myocardium provides several sources for increased 
oxygen radical production. 
Role in irreversible myocardial ischemia. If the acutely 
ischemic myocardium is "primed" for free radical produc-
tion, what are the critical intracellular targets and what evi-
dence suggests that oxygen radicals are involved in irre-
versible myocardial injury? It has been suggested that 
progression of ischemic damage from a reversible to an 
irreversible phase involves a breakdown of the excitation-
contraction coupling system. Much of this work has focused 
on the effect of ischemia on mitochondrial and sarcoplasmic 
reticulum function since A TP generation and maintenance 
of intracellular calcium levels are fundamental to excitation-
contraction. Recent studies have demonstrated that oxygen 
free radicals can cause loss of normal mitochondrial and 
sarcoplasmic reticulum function. Perhaps most significant 
is the preservation of mitochondrial, sarcoplasmic reticular 
and contractile function when radical scavengers (super-
oxide dismutase, catalase and mannitol) were used in ani-
mal models of myocardial ischemia. 
In an in vivo dog model of global ischemia, Krause and 
Hess (16) noted a rapid decrease in calcium uptake by sar-
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coplasmic reticulum and uncoupling of calcium transport 
from ATP hydrolysis. A similar decrease in calcium uptake 
occurred in isolated sarcoplasmic reticulum after exposure 
to xanthine-xanthine oxidase, which generates both super-
oxide anion and hydrogen peroxide (17). Sarcoplasmic cal-
cium uptake was preserved when oxygen radical scavengers 
(superoxide dismutase, catalase and mannitol) were used 
concurrently with xanthine-xanthine oxidase. Thus, in models 
of global ischemia there is a rapid loss of calcium seques-
tration by sarcoplasmic reticulum. Isolated sarcoplasmic re-
ticulum shows a similar loss of calcium sequestration after 
exposure to oxygen radicals, and oxygen radical scavengers 
preserve sarcoplasmic reticulum function. 
Mitochondrial alterations with prolonged ischemia in-
clude swelling, disruption and release of components of the 
electron transport system, superoxide radicals, the reduced 
form of nicotinamide adenine dinucleotide (NADH) and 
flavoproteins. Guarnieri et al. (18) found that in vitro for-
mation of free radicals (xanthine-xanthine oxidase) resulted 
in increased mitochondrial formation of malondialdehyde, 
a major byproduct of lipid peroxidation, and reduced mi-
tochondrial respiration, effects that could be inhibited by 
superoxide dismutase. Preservation of mitochondrial func-
tion has also been demonstrated in the ischemic/reperfused 
working rabbit heart (19). In this model, superoxide dis-
mutase and catalase preserved mechanical function as well 
as mitochondrial oxidative phosphorylation. 
In summary, ischemic models demonstrate loss of mi-
tochondrial oxidative phosphorylation and calcium seques-
tration by the sarcoplasmic reticulum. In vitro models of 
mitochondrial and sarcoplasmic reticulum show a similar 
loss of function after exposure to oxygen free radicals. In 
vivo models of myocardial ischemia demonstrate preser-
vation of mechanical function, mitochondrial oxidative 
phosphorylation and sarcoplasmic reticulum function when 
oxygen radical scavengers are used. Ultimately, loss of nor-
mal ATP generation and calcium sequestration in the isch-
emic myocardium results in a failure of the excitation-con-
traction coupling system. Because this pathogenic process 
can be interrupted by using oxygen radical scavengers, it 
has been suggested that oxygen free radicals are partly re-
sponsible for irreversible injury in prolonged ischemia. 
Effect of reoxygenation on ischemic vascular bed: re-
perfusion injury. Prolonged myocardial ischemia would 
be expected to lead to a continued increase in substrate 
concentrations for the production of reduced oxygen inter-
mediates. With abrupt reoxygenation of an ischemic vas-
cular bed, an explosive production of oxygen free radicals 
and subsequent myocardial necrosis would be likely to oc-
cur. Such a phenomenon has been described in experimental 
models. Hearse et al. (20) characterized the phenomenon 
of hypoxic-reoxygenation damage to the myocardium. Us-
ing the isolated perfused rat heart, they demonstrated that 
reoxygenation of the hypoxic heart resulted in significant 
damage rather than improvement: the oxygen paradox. Us-
JACC Vol. 6, No. I 
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ing the release of cytosolic and mitochondrial enzymes as 
a marker of myocardial damage, they demonstrated that with 
primary hypoxia there was a small initial release of intra-
cellular enzymes during the first 30 minutes of hypoxic 
perfusion. Reoxygenation after 20 minutes of hypoxia re-
sulted in significantly less enzyme release than primary hyp-
oxia. Prolongation of the hypoxic perfusion period to 100 
minutes followed by reoxygenation resulted in immediate 
and massive release of intracellular enzyme. This suggests 
that the duration of the hypoxic perfusion determines the 
extent of injury occurring on reoxygenation. In addition, 
reperfusion injury is inhibited or attenuated by hypothermia, 
cyanide and glucose, maneuvers that suggest a metabolic 
basis for reperfusion injury. The time dependence of pro-
longed hypoxia and the ability to interrupt the process with 
hypothermia, cyanide or glucose suggest that a series of 
cellular and biochemical alterations have occurred. When 
molecular oxygen is reintroduced, an injury process is in-
itiated that results in rapid and severe myocardial injury. 
This line of experimental evidence has led to the hypothesis 
that clinical reperfusion injury, whether spontaneous, phar-
macologic (for example, streptokinase) or mechanical, may 
be analogous to the oxygen paradox and has led to the 
suggestion that this phenomenon may be free radical-me-
diated. There is substantial evidence in experimental models 
of ischemiaireperfusion injury that oxygen radicals are im-
portant in the injury process. 
Preservation of myocardial function during isch-
emia. Indirect evidence for the participation of oxygen free 
radicals in ischemic/reperfusion injury come from the use 
of known scavengers that protect myocardial function during 
the course of ischemic/reperfusion injury. In the canine model 
of global ischemia, Lucas et al. (21) initiated normothermic 
reperfusion after 45 minutes of ischemia at 27°C and dem-
onstrated that inclusion of mannitol, a scavenger of the 
hydroxyl radical, resulted in preservation of left ventricular 
function. Similar results were obtained by Stewart et al. 
(22) using superoxide dismutase and mannitol in a dog model 
of global ischemiaireperfusion injury. They noted improved 
mechanical and sarcoplasmic reticulum function when using 
radical scavengers. The concept of preservation of myo-
cardial function during ischemia followed by reperfusion 
has also been demonstrated in the ischemic/reperfused work-
ing rabbit heart, where the combination of superoxide dis-
mutase and catalase significantly preserved mechanical 
function and protected mitochondrial oxidative phosphor-
ylation. Subsequent studies (23) using the hydroxyl radical 
scavenger, dimethyl sulfoxide, also noted preservation of 
mitochondrial oxidative phosphorylation activity after 2 hours 
of global ischemia and reperfusion. This ability of oxygen 
radical scavengers to preserve mechanical, mitochondrial 
and sarcoplasmic reticulum function in animal models of 
ischemialreperfusion suggests that oxygen free radicals par-
ticipate in experimental ischemic/reperfusion injury. 
More direct evidence for the participation of the oxygen 
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free radical system during the course of ischemic/reper-
fusion injury has been presented by Rao and Mueller (24). 
Using the rat and canine model of myocardial ischemia, 
these investigators found an increase in free radical pro-
duction documented by electron spin spectroscopy. In ad-
dition, they noted a decrease in superoxide dismutase ac-
tivity and an increase in lipid peroxidation products. Finally, 
in a recent study (25), prior administration of superoxide 
dismutase and catalase reduced infarct size in a canine model 
of regional ischemia followed by reperfusion. Administra-
tion of superoxide dismutase and catalase after the institution 
of reperfusion did not alter the extent of infarct size. 
Role in reperfusion ventricular arrhythmias. Further 
evidence for a significant role of reduced oxygen interme-
diates in reperfusion injury was obtained by Manning et al. 
(26) and Woodward and Zakaria (27), who evaluated the 
role of oxygen free radicals in the production of reperfusion-
induced arrhythmias. Both pretreatment with the xanthine 
oxidase inhibitor, allopurinol (26), and infusion of super-
oxide dismutase and catalase (27) significantly reduced the 
incidence of ventricular tachycardia and fibrillation in the 
isolated rat heart. These observations support the hypothesis 
of Chambers et al. (15) that activation of the xanthine-
xanthine oxidase system during the course of ischemia and 
reperfusion injury results in activation of an in vivo xan-
thine-xanthine oxidase system that can provide a ready source 
of oxygen free radicals. 
Conclusions 
Acute myocardial ischemia produces a rapid decrease in 
myocardial contractility, decreased mitochondrial oxidative 
phosphorylation (for example, decreased ATP generation) 
and decreased calcium uptake by sarcoplasmic reticulum 
that can be reduced when oxygen radical scavengers are 
used in animal models of myocardial ischemia. If ischemia 
is of brief duration, reoxygenation results in complete re-
covery of function. However, with prolonged ischemia fol-
lowed by reperfusion significant myocardial necrosis occurs. 
If oxygen radical scavengers are used with experimental 
ischemic/reperfusion injury, infarct size is reduced, left ven-
tricular function is improved and mitochondrial and sar-
coplasmic reticulum function are preserved. 
Future research to define the role of oxygen free radicals 
in myocardial injury should be directed at establishing the 
relevance of oxygen radical-mediated myocardial injury in 
the experimental setting to analogous clinical situations. If 
such an association can be convincingly demonstrated, phar-
macologic intervention will be a productive area for future 
research. 
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